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ABSTRACT 

Ribosomes are key macromolecular protein synthe- 
sis machineries in the cell. Human ribosomes have 
so far not been studied to atomic resolution 
because of their particularly complex structure as 
compared with other eukaryotic or prokaryotic ribo- 
somes, and they are difficult to prepare to high 
homogeneity, which is a key requisite for high-reso- 
lution structural work. We established a purification 
protocol for human 80S ribosomes isolated from 
HeLa cells that allows obtaining large quantities of 
homogenous samples as characterized by biophys- 
ical methods using analytical ultracentrifugation 
and multiangle laser light scattering. Samples 
prepared under different conditions were 
characterized by direct single particle imaging 
using cryo electron microscopy, which helped 
optimizing the preparation protocol. From a small 
data set, a 3D reconstruction at subnanometric 
resolution was obtained showing all prominent 
structural features of the human ribosome, and re- 
vealing a salt concentration dependence of the 
presence of the exit site tRNA, which we show is 
critical for obtaining crystals. With these well- 
characterized samples first human 80S ribosome 
crystals were obtained from several crystallization 
conditions in capillaries and sitting drops, which 
diffract to 26 A resolution at cryo temperatures and 
for which the crystallographic parameters were 
determined, paving the way for future high- 
resolution work. 



INTRODUCTION 

Ribosomes are composed of two subunits, the large (60S/ 
50S) and the small (40S/30S) ribosomal subunits, which 
assemble together to form the functional 80S and 70S in 
eukaryotes and prokaryotes, respectively. Each subunit 
has protein and ribosomal RNA (rRNA) components 
with a relatively stable rRNA/protein ratio of 2:1 in cyto- 
solic mammalian and bacterial ribosomes. The overall 
structure of the ribosome is conserved in all species con- 
sisting of the three tRNA binding sites [aminoacyl (A), 
pep tidy 1 (P) and exit (E)], the GTPase center and the 
peptidyl transferase center. However, apart from the 
conserved core, eukaryotic ribosomes are more complex 
and contain many more proteins (26 extra) and longer 
rRNA (including long expansion segments, ES) (1). 
These ES have been hypothesized to allow ribosome 
docking on the endoplasmic reticulum, possibly providing 
scaffolding sites to bind additional proteins and form eu- 
karyote-specific inter-subunit bridges (2). Also, function- 
ally, the eukaryotic ribosomes have many more factors 
involved in every step of translation (initiation, elong- 
ation, termination and recycling) reflecting a high level 
of regulation (3-6). 

The crystal structures of eukaryotic ribosomes from 
Saccharomyces cerevisiae^ 80S at 3.0 A (7), Tetrahymena 
thermophila 60S at 3.5 A and 40S at 3.9 A (8,9) have 
highlighted the additional protein and rRNA compo- 
nents and precisely assigned their positions. The more 
complex higher eukaryotic ribosomes have been exten- 
sively studied by single particle cryo electron microscopy 
(cryo-EM) providing the first structure of the wheat 
germ ribosome obtained at 38 A (10), which recently 
reached 5.5 A resolution (11). Cryo-EM maps for 
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mammalian ribosomes such as canine, human (HeLa 
cell) and rabbit ribosomes (12-15) are available at rela- 
tively low resolutions of 8-15 A but were the pioneer 
studies that allowed localizing eukaryote-specific 
proteins such as RACK1, rpS27e, rpS25e, rpL30e 
(16,17). Recently, the cryo-EM structures of human 
and drosophila ribosomes were elucidated in more 
detail with a resolution range of 5-9 A, with the latest 
structure of the human ribosome reaching the 4-5 A 
range (18). The availability of only a handful of eukary- 
otic ribosome structures (19-22) emphasizes the diffi- 
culty of appropriate purification, the limiting point 
being the availability of homogenous samples in large 
quantities required both for cryo-EM and 
crystallography. 

Studying human ribosomes as opposed to ribosomes 
from other species is crucially important for understand- 
ing the mechanism of antibiotic action and selectivity 
with respect to ribosomes from various pathogenic 
bacteria, an ever increasing problem with the constantly 
growing occurrence of antibiotic resistance (23,24). The 
previous structures of prokaryotic ribosomes with anti- 
biotics like paramomycin, streptomycin, tetracycline, 
hygromycin B, etc. have helped to elucidate the struc- 
tural basis for their efficacy (25,26) and the species- 
specific interactions between ribosomes and antibiotics 
(27,28). Obtaining accurate information on the human 
ribosome would provide a prospect of developing 
specific antibiotics preferentially targeting the function 
of the prokaryotic ribosome with improved efficiency 
and reduced side effects, i.e. provide the molecular 
basis of cross-reactivity of existing or future antibiotics, 
which would be useful for the discovery of novel antibi- 
otics. Human ribosomes have been purified earlier, from 
HeLa cells and placenta or blood (18,29) as separate 
subunits and reconstituted to 80S (30) for biochemical 
and cryo-EM analysis. However, to our knowledge, 
they have not yet been crystallized in the form of the 
fully assembled, endogenous 80S complex, which would 
be a key advance to get atomic level information. This 
would be crucial in particular for antibiotic complexes 
to understand the binding of those ligands that induce 
side effects, and of other and future drugs targeting 
the human ribosome (as accompanying drugs to reduce 
cellular activity such as required in the case of the 
treatment of cancer). Here, we establish a protocol 
to purify 80S ribosomes from HeLa cells in large 
amounts and describe the sample optimization by moni- 
toring the homogeneity through sucrose gradients, 
Analytical Ultracentrifugation (AUC), Size Exclusion 
Chromatography Multiangle Laser Light Scattering 
(SEC-MALLS) and cryo-EM, which allowed obtaining 
crystallizable material. The crystals obtained here were 
characterized at synchrotron X-ray sources with respect 
to their crystallographic parameters such as cell param- 
eters, space group, solvent content, etc., which represents 
essential information for future high-resolution work 
using crystallography. 



MATERIALS AND METHODS 

Detailed protocol of ribosome purification from HeLa 
cells 

Equipments required: 10-1 flasks for cell culture, SW-28 
rotor, Type 50.2 Ti Beckman-Coulter rotor, GE SG-50 
Gradient maker, Econo UV Monitor (Biorad), a 
Fraction Collector (Biorad), Econo Gradient Pump 
(Biorad). 

Deionized distilled water is used for buffer prepar- 
ations, and complete protease inhibitor (Roche) is 
added to all the buffers. Also, sucrose solution must 
be treated with bentonite after preparation with buffer 
A to inhibit ribonucleases (31,32) if present. Buffer A 
contains 20 mM Tris, pH 7.5, 2mM Mg(OAc) 2 , 150mM 
KC1. Buffer B contains 20 mM Tris, pH 7.5, 6mM 
Mg(OAc) 2 , 150mM KC1, 6.8% sucrose, 1 mM DTT, 
RNasin Plus RNase Inhibitor (Promega). Resuspension 
buffer C contains lOOmM KC1, 5mM Mg(OAc) 2 , 
20 mM HEPES, pH 7.6, ImM DTT, 10 mM NH 4 C1. 
For 60S and 40S subunit purification a slightly 
modified buffer A is required containing 20 mM Tris, 
pH 7.5, 2mM Mg(OAc) 2 , 500 mM KC1. The role of 
ion concentration in inter- and intra-subunit interaction 
is discussed in the 'Results' section. 

Step 1: HeLa cell preparation 

HeLa cells are grown in suspension cultures (55 x 10 8 
cells, ~6 1) in Minimal Essential Media Spinner 
Modification (S-MEM; Sigma Aldrich) supplemented 
with 7% newborn calf serum, 2mM Glutamine and 
40ug/ml gentamycin at 37°C in 5% C0 2 environment. 
Once confluent, they are serum-starved for 6h to get a 
synchronized cell population. 

Step 2: Lysis and sucrose cushion 

Cells are then lysed in freshly prepared lysis buffer con- 
taining 15 mM Tris, pH 7.5, 0.5% NP40 (Sigma-Aldrich), 
6mM MgCl 2 , 300 mM NaCl, RNAsin (Promega). After 
30min incubation on ice, the lysate is centrifuged at 
12 000g for lOmin to remove debris, nuclei and 
mitochondria (33). The supernatant is loaded on 30% 
sucrose cushion prepared in Buffer A and centrifuged 
for 16 h at 115 800g (50.2 Ti rotor) to get the crude ribo- 
somal pellet (29,30). While loading the cushion, care must 
be taken to not disturb the sucrose, and ensure slow 
addition of the lysate to the 30% sucrose. This pellet is 
resuspended in Buffer B to homogeneity. The presence of 
nonresuspended particles in this solution can affect the 
next step, and these particles must be removed by a 
short centrifugation (lOmin at lOOOOg). Only the super- 
natant is used for the next step. 

Step 3: Sucrose density gradient 

Gradient preparation: SG 50 Gradient Maker (GE 
Healthcare) is used to make a linear gradient of 15- 
30%, wherein the higher % sucrose solution is loaded in 
the mixing chamber and the lower % sucrose solution is 
loaded in the other, allowing to mix slowly. The outlet is 
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connected with a pump and sucrose is collected drop wise 
from the outlet. 

The supernatant is treated with 1 mM puromycin for 
30min at 4°C (34) with intermittent mixing and loaded 
on 15-30% sucrose gradient prepared in Buffer A. The 
samples are centrifuged at 25 000 rpm for 1 1 h in a SW- 
28 rotor and fractions are collected from bottom to top 
using an Econo Gradient Pump (Biorad) with an Econo 
UV Monitor (Biorad) and a Fraction Collector. The 
sample absorbance is recorded using UV reader (Biorad) 
and the peak corresponding to 80S is pooled for PEG20K 
precipitation (7). A final concentration of 7% PEG20K is 
added to the pooled fractions, incubated on ice for lOmin 
and centrifuged at 17 400g for lOmin. The pure ribosomal 
pellet is dissolved in resuspension buffer C and filtered 
using 0.22 urn filters (Millipore) for further analysis or 
stored without filtration on ice for 7 days for crystalliza- 
tion. Snap freezing and storage is not advised. For 
concentration calculations, 1 A 2 6o unit corresponds to 
20 pmol of 80S ribosome. 

Analytical ultracentrifugation 

Sedimentation velocity experiments were conducted using 
Beckman Coulter ProteomeLab XL-I analytical ultracen- 
trifuge using the 8-hole Beckman An-50Ti rotor at 4°C for 
samples in resuspension buffer (35). Sedimentation at 
15 000 rpm was monitored by absorbance at 280 nm with 



scans made at 4min intervals. The solution density and 
viscosity for resuspension buffer were calculated using 
SEDNTERP software. Data were analyzed using a c(s) 
model in SEDFIT (Figure 1) (36). 

Size exclusion chromatography multiangle laser light 
scattering 

The molecular weight and homogeneity of the sample was 
checked using a SEC column coupled with MALLS Dawn 
DSP detector (Wyatt Technology, Santa Barbara, CA, 
USA) (Figure IB). To prevent bacterial growth, 0.01% 
sodium azide was added to the resuspension buffer, 
which was then filtered through 0.25 um filter membranes 
(Millipore) before equilibrating the Superdex 200 10/300 
analytical column (GE healthcare life sciences). The 
system was operated at 20° C, with a flow rate of 
0.75 ml/min. 

Single-particle cryo-EM 

For cryo-EM analysis, 80S ribosome samples were de- 
posited on Quantifoil 2/2 holey carbon film, blotted with 
a filter paper and flash-frozen [using FE1 Vitrobot (Mark 
IV)] to obtain ribosomes embedded in a thin layer of 
vitreous ice suspended across the holes (Figure 2). The 
images were collected at liquid-nitrogen temperature 
using the in-house FEI Tecnai F30 (Polara) field 
emission gun (FEG) transmission cryo electron 




o 80 



Sedimentation coefficient [S] 



Figure 1. Biophysical characterization of human 80S ribosomes purified from HeLa cells. (A) 15-30% sucrose density gradient profiles for 80S, and 
dissociated 60S and 40S subunits depicting the separation of components based on density. (B) SEC-MALLS for 80S sample and (C) AUC results 
showing the homogeneity of 80S sample, which corresponds to the calculated molecular weight of 4.3 MDa. 
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Table 1. Experimental details of cryo-EM data collection 



cryo-EM 


Empty 80S 

rihnQomp 


80S ribosonic with 
F-sitp tRNA 


Detector 


CCD Eagle 


CMOS Falcon 1 




4 kx4 k 


4 kx4 k 


Voltage 


100 kV 


300 kV 


Pixel size 


1.82A 


1.14A 


Box size 


240 x 240 


512 x 512 


Magnification 


59 k 


93 k 


Number of particles 


15 000 


24 000 


Total dose 


15 e/A 2 


20 e/A 2 


Defocus 


-0.8 to -3.5 urn 


— 1 to — 5 urn 



microscope operating at 1 50 kV acceleration voltage with 
a dose of ~ 10-1 5 electrons per A 2 at a magnification of 
59 000 on a 4 k x 4 k CCD Eagle camera (FEI) resulting in 
a final step size of 1.82 A per pixel. Another data set was 
collected at 150kV acceleration voltage with magnifica- 
tion of 93 000 on a CMOS Falcon 1 camera (FEI; installed 
as an upgrade on the microscope while this work was 
ongoing) resulting in a final step size of 1.14 A per pixel 
(Table 1). Automatic image acquisition was performed 
using EPU software (FEI). After visual inspection only 
images with best power-spectra were selected for image 
processing. Particle selection was done semi-automatically 
in e2boxer.py (EMAN2) with validation of all boxed 
particles by visual inspection. Defocus value estimation 
and contrast transfer function correction by phase 
flipping were done by using the program 2ctf.py from 
the EMAN2 software package (37,38). Structure deter- 
mination and refinement was done using the EMAN2 
software packages (37,38). The resolution of the final 3D 
structures was estimated by Fourier Shell Correlation (39) 
according to the 0.5, 0.14 (40) and one-half-bit (41) criteria 
to 13.3, 8.7 and 9.3 A for the empty ribosome consistent 
with the features of the maps, while it was 16.5, 11.7 and 
11.5 A for ribosome with E-site tRNA, respectively. 

Crystallization of human 80S ribosomes 

The purified 80S ribosomes were filtered using Millipore 
0.22 um after 7 days of annealing on ice [as for yeast ribo- 
somes; (7)], and the sample was kept at room temperature 
for an hour before setting up crystallization screens. 
Purified ribosomes (0.35 ul) at 5-9mg/ml were loaded on 
one side of The Crystal Former (Microlytic) and 0.35 ul of 
precipitant were loaded on the other side. A number of 
screens were tested including PEGs (Hampton Research), 
PEG-Ion pH (Hampton Research), Nucleix (Qiagen) and 
Protein Complex (Qiagen) at 4 and 17°C. Microcrystals 
were obtained with 20% PEG 10 K, 100 mM Na HEPES, 
pH 7.5, or with 15% PEG 20K, lOOmM Na HEPES, pH 
7.5, at 17°C (Figure 3A). Optimization of the crystalliza- 
tion conditions with 30% PEG 20 K, lOmM Mg(OAc) 2 
and 100 mM Na-HEPES, pH 7.5, allowed obtaining 
slightly larger crystals. Apart from the crystal former, 
also the crystal Harp (Molecular Dimensions) and clas- 
sical glass capillaries of 0.5 and 1mm were tested. These 



crystals could not be directly reproduced in sitting drops 
(with 1:1 sample/precipitant) with the same conditions. 
Therefore, in a concentration range of 5-9mg/ml of 
purified ribosomes, optimization of the PEG 20K con- 
centration and other condition with PEG 10K as precipi- 
tant, was done to get crystals in sitting drops. This 
included commercial screens such as PEGs (Hampton 
Research), PEG-Ion pH (Hampton Research), Nucleix 
(Qiagen) and Protein Complex (Qiagen). Plate-like 
crystals were obtained with 2 ul of 8 mg/ml of sample 
mixed with 2ul of 4% PEG 20 K, 100 mM Na-HEPES, 
pH 7.5, and 50 mM KSCN. Eighteen percent glycerol or 
a series of small PEGs such as 8% PEG 4K, 8% PEG 
6K, 8% PEG 8K along with 8% glycerol as cryo-pro- 
tectants were tested, with 18% glycerol alone being the 
best one found here. 



RESULTS 

Preparation and characterization of human 80S ribosomes 

Because serum starvation is known to inhibit translation 
in eukaryotic cell lines (42), we reasoned that this may be a 
way to obtain more homogenous monosomes. HeLa cells 
were therefore grown in suspension balloons and serum- 
starved for 6 h or processed directly. Human 80S ribo- 
somes were isolated from the cell lysate after centrifuga- 
tion to remove mitochondria and nuclei, and the 
supernatant was loaded onto a 30% sucrose cushion. 
The pellet obtained was treated with puromycin to 
remove nascent peptides bound to the 80S, giving a yield 
of 7-8 mg of pure ribosomes from 6 1 of cells (20-25 x 10 8 ) 
after the sucrose gradient (29). The presence of 18S and 
28S rRNAs was confirmed by ethidium bromide staining. 
Several steps had to be optimized during purification to 
ensure homogeneity of the sample to be used for structural 
studies. Cell lysis being the most important step due to the 
presence of numerous proteases was treated with the 
maximum precaution. Several detergents such as 
CHAPS, NP-40 and Triton X-100 were tried, also 
dounce homogenizer was used to see if cell disruption 
would work better. However, 0.5% NP-40 turned out to 
be the mildest procedure, as monitored by cryo-EM 
imaging of 80S particles. The other bottleneck was 
removal of sucrose, which is a basic necessity for EM to 
ensure a good image contrast (43). For this, different 
methods were tried such as (i) centrifugation of the 
sucrose gradient fractions and resuspension of the pellet, 
(ii) exchanging buffer with a NAP column and then 
concentrating the sample and (iii) PEG 20K precipitation. 
The fastest, most convenient and least influencing proced- 
ure on ribosome stability was precipitation using PEG 
20K, a method also used for yeast ribosome purification 
(7). Salt composition and concentration (KC1 and Mg 2+ ) 
were optimized using cryo-EM imaging (see below). 

The presence of all ribosomal proteins was confirmed 
using mass spectrometry (Supplementary Tables 1 and 2). 
It can, however, not be excluded that some loosely bound 
ribosomal proteins are present with variable stoichiometry 
in the 80S complex because protein peptide fragment oc- 
currence depends also on how well the proteins can be 
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digested and detected by mass spectrometry. The sample 
was analyzed by SEC-MALLS and AUC (Figure IB and 
C). The sedimentation coefficient was determined to be 
close to 80S with a single major peak obtained in AUC 
corresponding to 4.3 MDa (the theoretical value is 4.2 
MDa), a result consistent with the chromatogram from 
SEC-MALLS. While the precision of SEC-MALLS and 
AUC cannot address whether all ribosomes contain all 
ribosomal proteins because of the high molecular weight, 
these analytical techniques were useful to monitor the 
sample quality throughout the purification procedure. 

Cryo electron microscopy 

To evaluate the homogeneity and monodispersity of the 
80S ribosomes, the particle distribution was analyzed 
under different preparation conditions using cryo-EM 
imaging (Figure 2). This helped in finding the optimal 




Figure 2. Cryo electron micrograph depicting the distribution of 80S 
particles at 59k magnification, collected using a Polara F-30 electron 
microscope. The ribosomes were isolated from Hela cells (A) under 
normal growth conditions (B) in stationary phase of growth (C) after 
glutamine starvation (D) after serum-starvation (inset shows the 
zoomed-in view for individual ribosomes). (E) The cryo-EM structure 
of empty human 80S and with (F) E-site tRNA; both isolated 
from HeLa cells; under high and low KC1 concentration during 
Puromycin treatment, respectively; color code: 40S golden, 60S blue, 
tRNA red. 



conditions for purification, the optimal buffer being 
150mM KC1 and 5mM Mg 2+ or less. Buffers with 
higher Mg 2+ concentration showed aggregation, while 
higher KC1 concentration increasingly leads to the appear- 
ance of the individual ribosomal subunits. The role of 
monovalent and divalent cations on subunit association 
has been well documented for prokaryotes and to some 
extent for eukaryotes as well. Previously, the concentra- 
tion of potassium and magnesium in the resuspension 
buffer was observed to be crucial (44,45). In our hands, 
the sample completely aggregates at 20 mM Mg(OAc) 2 , 
while at 5mM and below it is monodisperse, as can be 
judged from the even distribution of ribosome particles on 
a cryo-EM grid (Figure 2C). This is consistent with the 
cellular concentration of magnesium being around 1 mM, 
which would promote the ribosomes to remain monodis- 
perse when not translating. In contrast, the potassium 
concentration was found to be critical for the association 
of the two ribosomal subunits (46). At 150mM KC1, 80S 
ribosomes were found to be stable at a concentration that 
compares well with that in cells. Only at significantly 
higher salt concentrations such as 500 mM KC1, the 
subunits become dissociated on the sucrose density 
gradient (Figure 1A). Consistent with this observation is 
the idea that potassium is required for inter-subunit sta- 
bility while magnesium ensures proper rRNA folding. 
However, at higher concentrations, magnesium promotes 
inter-particle contacts, which lead to ribosome aggrega- 
tion and precipitation as visualized by cryo-EM imaging. 

Using optimized buffers, single-particle cryo-EM data 
sets were collected for 80S samples obtained from serum- 
starved HeLa cell for two salt concentrations during 
Puromycin treatment (150 or 300 mM KC1). The serum 
starvation is an important step towards getting a clean 
homogenous sample as was observed from direct cryo- 
EM imaging. Ribosomes isolated from nonstarved cells 
show impurities (Figure 2A), while ribosomes isolated 
from cells in stationary phase appear to undergo partial 
degradation (Figure 2B; for these reasons 3D reconstruc- 
tions were not attempted from these samples). Glutamine 
starvation also shows ribosomes with either partial deg- 
radation or with impurities (Figure 2C). Serum is known 
to affect translation because its absence reduces the rate of 
in vitro polypeptide synthesis. We observed that on serum 
starvation of HeLa cells for 6 h, which leads to cell syn- 
chronization, ribosomes appear to be more homogenous, 
as can be judged from the cryo-EM images (Figure 2D). 

A 3D reconstruction obtained from only 15 000 
particles of 80S ribosomes (serum-starved) already 
provides a well-defined structure of the human ribosome 
with all the major landmarks such as the LI stalk, the 
central protuberance in the large subunit and the head, 
beak, body and feet in the small subunit (Figure 2E). 
These features are consistent with the human ribosome 
structure published in previous studies (13,47). This 80S 
structure was obtained from ribosomes that went through 
a high-salt (300 mM) washing step during puromycin 
treatment right after the sucrose cushion. Next, to keep 
the salt concentration constant throughout the 
purification process, we decided to skip the high-salt 
washing step and maintain 150mM KC1 throughout. 
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Interestingly, the cryo-EM reconstruction from such 
samples reveals the presence of an E-site tRNA 
(Figure 2F), a well-defined LI stalk next to the E-site 
tRNA and well-ordered P-proteins (these regions are 
largely disordered in the high-salt washed ribosomes). 
This shows that the absence of a high-salt step allows 
maintaining an endogenous tRNA in the E-site, while 
mRNA and peptide are absent as revealed by the com- 
parison of the corresponding cryo-EM reconstructions. 
The lower resolution of the E-site tRNA complex as 
compared with that of the empty ribosome may be due 
to ribosome subpopulations with different conformations, 
which would be compatible with the observation of 
different conformations in the asymmetric unit of yeast 
(7) and T. thermophila ribosomes (48). 

Crystallization of the human 80S ribosome 

The high homogeneity of the sample allowed us obtaining 
crystals in the microlytic crystal former capillaries as well 
as in a crystal harp, and also in sitting drops. After 
screening several conditions from PEGs (Hampton), 
PEG Ion pH (Hampton) and Protein complex (Qiagen) 
screens at 4 and 17°C, initial hits of microcrystals were 
obtained in capillaries with two conditions: 20% PEG 
10K, 0.1 M Na HEPES, pH 7.5, and 15% PEG 20K, 
0.1 M Na HEPES, pH 7.5, at 17°C. An increasing 
gradient of microcrystals (10-30 um in size) could be 
observed from the precipitant loading side to the protein 
loading side. Optimization of the conditions provided 
larger crystals with 30% PEG 20K, 0.1 M Na HEPES, 
pH 7.5, and 10 mM Mg(OAc) 2 (Figure 3A). In situ diffrac- 
tion from capillaries was attempted at the PX III beamline 
of the Swiss Light Source (SLS) synchrotron at room tem- 
perature as well as under cryo conditions (by freezing the 
tip of the capillary containing crystals, tested on beamline 
PX I). While no diffraction spots could be seen, this was a 
first indication that these crystals were not salt. However, 
owing to the complexity of handling them in capillaries 
they could not be mounted in loops. Direct freezing of 
capillaries was successful with respect to cryo conditions 
(no ice rings), but showed no diffraction (either no diffrac- 
tion or high background due to the large mass of solvent 
in the capillary). Reproducing crystals under the same 
conditions in sitting drops was not successful probably 
because capillaries work on the principle of counter diffu- 
sion, which is strikingly different from vapour diffusion 
used in sitting or hanging drops in terms of the kinetics of 
equilibration and concentration used. Therefore, PEG 
20K concentration was varied in a large range for 
forming crystals in sitting drops. Crystals with plate 
morphology were finally obtained in sitting drops 
(Figure 3B) with 4% PEG 20K, 100 mM Na HEPES, 
pH 7.5, and 50 mM KSCN in the reservoir. For crystal 
handling, mounting in loops (Figure 3C) and freezing, 
overnight stabilization with increasing PEG 20K in reser- 
voir to 6 or 8% was tried, to stabilize crystals but resulted 
in no diffraction. Adding medium-sized PEGs such as 
PEG 4K, 6K or 8K with or without glycerol, either 
resulted in no diffraction or did not improve diffraction. 
First diffraction spots up to 60 A could be observed for 



small, thin and fragile crystals (60xl0x2um, SLS 
beamline PX I) with 16% glycerol as cryo-protectant 
added directly into the crystallization drop. With 
notably larger o crystals (100 x 50 x 5 urn) diffraction 
improved to 26 A (at SLS beamline PX I) showing a full 
reciprocal lattice (Figure 3E). For this and all subsequent 
experiments, the cryo-protectant was increased in steps of 
2—4% to prevent osmotic shock damage to the crystal. The 
sample stability under crystallization conditions was 
verified using ethidium bromide-stained agarose gels for 
presence of rRNA after 2—4 weeks of sample preparation 
(Figure 3D). The gel shows 18S and 28S rRNA bands, as 
do ribosomes that were stored at — 80°C after preparation. 
A full data set could be collected to ~40A resolution 
(Figure 3E and Table 2) from which the cell parameters, 
space group, Matthews coefficient, solvent content and 
number of molecules in the asymmetric unit could be 
derived (see below). Data were collected on a Pilatus 
detector at the SLS PX II beamline with a 10 x 30 um or 
10x50um X-ray beam and 0.2° oscillations, detector 
distance 1200 mm, wavelength 0.997 A. Both 80S 
complexes with or without endogenous E-site tRNA, as 
characterized by cryo-EM (Figure 2), were used for crys- 
tallization assays. However, crystals grew only for ribo- 
somes prepared at 150mM KC1 throughout, i.e., without 
any E-site tRNA washing step. This indicates that the 
crystals contain E-site tRNA, and that its presence could 
favor crystallization. 



DISCUSSION 

Human ribosomes represent an important target for struc- 
tural studies because of health implications such as side 
effects of current antibiotics. While cryo-EM structures of 
human ribosomes have been recently reported to 4-5 A 
resolution (18), no crystal structures are upcoming for 
now. Obtaining crystals of human ribosomes represents 
a major challenge, and any first clue on purification and 
crystallization conditions would be helpful, even if initial 
crystals usually diffract weakly. In a first strong effort in 
this direction, crystals of the human 80S ribosome were 
obtained using a nonstandard integrated structural 
biology approach, using a variety of established methods 
in a synergistic way rather than individually. This included 
establishing a detailed method for large-scale preparation 
of homogenous 80S ribosomes extracted from HeLa cells, 
which can be grown in large quantities and from which the 
ribosome purification is less complicated than from blood 
(18) or human placenta (29), majorly due to the ease of 
availability of HeLa cells and less tedious methods of 
initial lysis. Placenta handling requires immediate isola- 
tion of ribosomes, due to the inherent presence of large 
RNase contaminations; also, the lysis itself is tedious, 
requiring gauze filtration and dounce homogenizer 
owing to the presence of connective tissues. Similarly, 
blood samples require a ficoll-hypaque density-gradient 
centrifugation to separate out lymphocytes. Such exten- 
sive methods are not needed when handling HeLa cells: 
the usage of a detergent is sufficient for cell lysis without 
any additional purification step. Contaminants like 
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Figure 3. (A) First human 80S ribospme crystals obtained in the capillaries of a crystal harp. (B) Crystals with plate morphology reproduced in 
sitting drops that diffracted up to 26 A, most are seen on the edge and thus give the impression of rods. (C) 80S crystal mounted in a cryogenic loop, 
tested for X-ray diffraction at the PX-II beamline at SLS. (D) Agarose gel depicting the sample stability under crystallization conditions as monitored 
by the presence of 18S and 28S rRNA. Lane 1 shows control ribosomes stored at — 80°C, lanes 2 and 3 show ribosomes incubated with or without 
precipitant, respectively, for 4weeks at 4°C. (E) The diffraction pattern shows^ a full reciprocal lattice with cell parameters of approximately 
a = 406 A, b = 785 A, c = 977 A, with resolution rings indicated at 23, 30 and 40 A. The inset shows diffraction spots extending to 26 A resolution. 
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Table 2. Data collection statistics of a 


full data set collected from 


two regions of a single crystal at the SLS PX II beamline 


X-ray data collection 


ri, lyv ,„ „ OAQ 

numan sua 


Beamline 


r> v TT /CT C\ 

rA 11 


Space group 


C222(l) 


Cell dimensions 




a, b, c (A) 


406.41, 784.99, 976.95 


angles (°) 


90, 90, 90 


Resolution (A) 


150-42.0 


Last shell 


(43.9-42.0) 


Rsym (%) 


7.5 (74.1) 


Reflections 


5022 


Completeness (%) 


96.8 (88.6) 


Redundancy 


4.1 (3.2) 


I/6i 


7.7 (1.8) 



Numbers in brackets refer to the highest resolution shell. R sym is 
defined according to XDS (49). 



ferritin in placenta are difficult to get rid of and tend to be 
co-purified with ribosomes. Ribosomes from HeLa cells 
analyzed in the present study neither have these contam- 
inants nor these RNA and protein degradation issues 
known for placental ribosomes. The next two steps follow- 
ing cell lysis in the purification procedure are usually used 
for standard ribosome purifications: sucrose cushion and a 
gradient to obtain homogenous 80S ribosomes, which 
leads to an additional sucrose removal step. Here, 
human 80S were purified using PEG20K precipitation, 
which is a more straightforward method [used also for 
yeast ribosomes (7)]. The detailed standardized purifica- 
tion protocol described in this work is a prerequisite for 
structural studies of the human ribosome and has allowed 
obtaining first crystals that are highly reproducible from 
various cell culture batches. A typical feature of the work 
presented here is the biophysical characterization by SEC- 
MALLS, AUC and includes the usage of sucrose gradi- 
ents. For example, SEC-MALLS and AUC helped to 
check the sample solubility and stability in different 
ionic conditions, along with molecular weight detection 
to check for presence of aggregates or dissociated 
subunits. Also, the exploration of various purification pro- 
cedures, optimized by monitoring sample purity and 
homogeneity (in particular absence of aggregation) 
through direct nondenaturing cryo-EM visualization of 
the ribosome particles in conjunction with crystallization 
trials is a prominent feature of this work and has been the 
key in obtaining first 80S crystals, thanks to the unprece- 
dented combined usage of cryo-EM and crystallography. 
Rather than performing a detailed structural analysis, 
cryo-EM was used for examining the sample composition 
(presence of structured rRNA's and ribosomal proteins, 
presence of tRNA's) and structural integrity from quickly 
obtainable medium-resolution cryo-EM maps (using data 
sets 10 times smaller than used for high-resolution struc- 
tures reported previously) with the aim of obtaining crys- 
tallizable material. This structural analysis revealed the 
presence of E-site tRNA in human 80S ribosomes depend- 
ing on a subtle difference in the purification protocol, that 
is the salt concentration used during Puromycin 



treatment. The salt-sensitivity suggests that this E-site 
tRNA binds in a nonspecific manner (50), probably also 
because no mRNA is present. This provides a valuable 
tool for obtaining either completely empty or E-site 
tRNA bound ribosomes, which can be used separately 
for further complex reconstitutions. For crystallization, 
we show that the presence of the E-site tRNA in human 
80S ribosomes is helpful if not required because crystals 
could not be obtained with completely empty 80S ribo- 
somes. This is probably because the E-site tRNA stabilizes 
the local ribosome structure, notably in the regions of the 
LI and P-stalk proteins (51). The resulting conformation 
is compatible with the formation of inter-particle contacts 
in the crystal, as illustrated by the observed crystal nucle- 
ation and crystal growth, but different conformations may 
still be present in the asymmetric unit, as observed for 
yeast (7) and T. thermophila ribosomes (48). A related 
interesting aspect is that crystals can be obtained despite 
the presence of huge RNA ES elements, which protrude 
from the core structure (52); this is remarkable in terms of 
crystal packing, suggesting that ESs do not hamper crys- 
tallization in a significant way. 

The use of capillaries for crystallization of large 
macromolecular complexes has been underexploited in 
the recent past, even though it is known to work well 
for smaller proteins (53,54). This work shows that uncon- 
ventional methods like these can be helpful for initial 
screening of crystallization conditions, especially for in- 
herently challenging samples and provide first hits to be 
further pursued in thicker capillaries or crystallization 
drops. The morphology of the human 80S ribosome 
crystals that form thin plates resembles that of early 
crystals of T. thermophilus ribosomes (55,56). After stabil- 
ization to reduce the fragile character of the thin crystals, 
they could be mounted in cryo loops in a rather straight- 
forward manner. The crystals obtained diffract X-rays at a 
high-brilliance synchrotron source to up to 26 A reso- 
lution, and show clear and fine diffraction spots along 
the reflection series of the diffraction pattern. The clean 
diffraction pattern also reveals that the crystals are 
monocrystalline, i.e. the crystal plates obtained under 
the crystallization conditions described here do not form 
multiple layers of distinct crystals, a phenomenon that 
otherwise occurs rather often for crystals with plate 
morphology. The diffraction pattern could be indexed, 
revealing that the crystals belong to the centric ortho- 
rhombic Bravais lattice type (space groups C222 or 
C2221, which have eight asymmetric units). The cell par- 
ameters of approximately a = 406 A, b = 785 A and 
c = 977 A clearly indicate the presence of a large 
complex compatible with the Mw = 4.3 MDa estimated 
from the AUC and SEC-MALLS data. The calculation 
of the Matthews coefficient gives a value of V m = 3.0 
with three molecules in the asymmetric unit and a 
solvent content of 59%, or V m = 2.3 with four molecules 
and 45% solvent [comparable with other ribosome 
crystals (57,58); the third alternative would give 
V m = 4.5 with two molecules and a rather high solvent 
content of 73%]. The presence of three or four molecules 
in the asymmetric unit may be useful for noncrystallo- 
graphic symmetry averaging, provided the ribosome 
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conformations are sufficiently similar. The small clean dif- 
fraction spots help in separating the spots and integrating 
the data, especially in the more challenging b- and c-dir- 
ections. Because of the large cell parameters, fine-slicing 
was used with angular increments of 0.1-0.2° per frame in 
combination with a high-sensitivity and low readout noise 
pixel detector (Pilatus). In conclusion, the crystals are of 
excellent quality and diffraction data could be collected 
and processed, providing a first full data set at 42 A reso- 
lution (Table 2). Their diffraction power, however, is 
limited (best resolution seen is 26 A up to now, Figure 
3E) most likely because of the little thickness of the 
crystals, which varies between 5 and 10 um. In the 
future, it might be worth exploring conditions that 
promote crystal growth in the third dimension. 
Possibilities worth considering comprise further refined 
crystallization conditions such as the usage of additive 
screens and detergents, or removal of surface-exposed 
parts that may hamper further crystal growth such as 
loosely bound ribosomal proteins or part of the ES 
elements whose removal could help in obtaining larger 
crystals (some proteins could be removed by differential 
salt-wash as illustrated for the E-site tRNA, a procedure 
used for SI -removal; (59, 60) or cell line engineering such 
as done for L9-removal (61), which may be difficult to 
apply to human cells though. Although serum starvation 
was used (to synchronize cells), the ribosomes do not have 
any starvation factors bound, as compared with yeast 
ribosomes (7) or ribosomes isolated from blood (18), 
which have Stm-1 and Stm-1 like factors bound, respect- 
ively. This can be an advantage when forming translation 
complexes with mRNA and ribosomal translation factors 
for future crystallization or cryo-EM studies. Another 
aspect which we begun to analyze here is to refine the 
procedure for crystal stabilization and cryo-protection 
and reduce crystal mosaicity; controlled dehydration 
may also improve the diffraction of the crystals (7). In 
any case, while the crystals described here are diffracting 
relatively poorly and will need to be improved to reach a 
stronger diffraction power, they are the very first human 
ribosome crystals reported to our knowledge. This shows 
that the optimized purification procedure described herein 
provides crystallizable human ribosomes, a sine-qua-non 
condition for further crystallography work. The present 
work thus paves the way for future high-resolution 
crystal structures of the human ribosome, in isolated 
form or as complexes with mRNA, tRNAs and transla- 
tion factors, with a major potential impact for studying 
molecular mechanisms and exploring medical applications 
in the ribosome field. 
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